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INTRODUCTION
Metal-dithiolene complexes have been extensively studied in recent decades as candidates for molecule-based functional materials due to their propensity to form air stable charged (mostly anionic) and neutral dia-or paramagnetic complexes with various metal atoms such as Ni, Pd, Pt, Au, Cu, Co, etc. 1 The optical properties, the charge of the complex and the electrochemical behaviour can be finely tuned by carefully choosing the metal and the substitution pattern of the dithiolene ligands. The square-planar geometry of metalbis(dithiolene) complexes is particularly favourable for their stacking into columns, thus providing conducting materials in their anionic or neutral forms. [Au(tmdt) 2 ], 6 [Cu(dmdt) 2 ] (dmdt = dimethyl-TTF-dithiolate), 7 and even a superconducting transition in [Ni(hfdt) 2 ] (hfdt = bis(trifluoromethyl)-TTF-dithiolate) 8 have been described in the last fifteen years. Conducting neutral metal-dithiolene complexes without a TTF backbone contain, with very few exceptions such as a molybdenum dmit cluster 9 or [Ni(dmit) 2 ], 10 almost exclusively the Au(III) center, as upon one-electron oxidation of the anionic [Au(dithiolene) 2 ] -precursor the neutral open-shell species is readily generated. Such neutral radical complexes include [Au(bdt) 2 ] (bdt = benzene-1,2-dithiolate), 11 [Au(α-tpdt) 2 ] (α-tpdt = α-thiophene-dithiolate),
enantiomer was the first reported example of enantiopure TTF, 29 its constituting half 5,6-dimethyl-5,6-dihydro-1,4-dithiin-2,3-dithiolate (dm-dddt) has never been used as ligand to the best of our knowledge. combination of tight-binding band structure and DFT calculations on the solid and the isolated complex revealed a charge localization which was totally overlooked up to now, including in the achiral derivative [Au(dddt) 2 ] described almost 30 years ago. 30 The interplay between localization versus delocalization is thoroughly discussed according to the nature of the ligand and the solid state structures of the neutral radical complexes through examples reported in the literature and compared to our newly synthesized chiral system. This study leads to new insights into the delicate balance of factors needing careful attention in the search for new single component conductors based on metal bis(dithiolene) complexes.
RESULTS AND DISCUSSION
Synthesis and solid state structures. The chiral monoanionic complexes 1a-b (Au) and 2a-b (Ni) have been synthesized by deprotection of enantiopure (S,S) and (R,R) dithiolone 3, prepared according to the procedure described in the literature, 21c,31 with sodium methanolate, followed by reaction with metal salts and cation exchange. This synthetic approach affords the complexes as crystalline salts with the tetra-n-butyl-ammonium (TBA) cation after aerial oxidation and recrystallization (Scheme 1 for the (S) enantiomers). Cyclic voltammetry measurements show a pair of reversible oxidation processes for the gold complex (TBA)(1a) at +0.32 and +0.79 V vs SCE corresponding to the formation of the neutral 1a and oxidized (1a) + species (Table S1 and Figure S5 ). and (TBA)(2a) are isostructural, only the structure for the paramagnetic Ni complex (TBA)(2a) will be discussed hereafter (see SI for details on the structure of (TBA)(1a)). The complexes crystallize in the triclinic non-centrosymmetric space group P1 with two independent bis(dithiolene) anion complexes and TBA cations in general positions in the asymmetric unit. Bond lengths and angles ( The coordination geometry of the metal ions (Ni and Au) is, as expected, square planar.
Interestingly, the difference between the two crystallographically independent complexes mainly resides on the orientation of the methyl substituents of the dihydro-dithiine rings, which are either all-axial (Ni1) or all-equatorial (Ni2) (Figure 1 ). The arrangement of the methyl substituents in the TM-BEDT-TTF donor (see Chart 1) and derived radical cation salts has been thoroughly discussed through theoretical and experimental investigations. While in gas phase and solution the all-axial conformer of neutral TM-BEDT-TTF is slightly more stable than the all-equatorial one, 32 crystallization of the latter is more straightforward in the solid state, probably because of the more favorable packing involving shorter intermolecular S···S contacts, although in certain conditions the allax conformer has been also crystallized. 34 The tendency to favor crystallization of the all-eq conformer is even more pronounced in radical cation salts, 32, 34 since the all-ax conformer has been only recently observed in a radical cation salt of TM-BEDT-TTF with a rhenium cluster, 35 while in a few cases the mixed (ax,ax,eq,eq) conformation occurred. 34, 36, 37 In the As mentioned above, the gold complex (TBA)(1a) is isostructural with its nickel counterpart (TBA)(2a) (see SI). Note that, despite the presence of two independent molecules in the asymmetric unit, corresponding to the all-ax and all-eq conformers, the dithiolene moieties are equivalent, showing similar C-S and C=C bond lengths, as also observed in the structure of (TBA)(2a) ( Table 1 ). For example, the four C=C distances range from 1.324(14) to 1.345 (13) in the structure of (TBA)(1a) (see Table S3 in SI).
Electrocrystallization of Au and Ni anionic precursors provided suitable single crystals for Xray diffraction analysis for neutral 1b (Au) and 2b (Ni), while cell determination for 1a
clearly shown the same crystal parameters as for 1b. Since 1b and 2b are isostructural, only the structure of the open-shell species 1b will be discussed hereafter (see SI for details on 2b).
The neutral complex crystallized in the triclinic non-centrosymmetric space group P1, with one independent molecule in the asymmetric unit. The metal lies in a perfect square planar environment and the methyl groups are disposed in equatorial positions ( Figure 3 ). Interestingly, the two dithiolene rings show very different C=C bond distances, i.e. 1.40(2) Å for C5-C6 and 1.30(3) Å for C7-C8 (Table 2) , indicating a strong dissymmetry of the system. At the supramolecular level, the complexes interact through S···S contacts (3.67 -3.80 Å)
along the c-direction forming step-chains, which further interact laterally along the a-direction by additional S···S contacts (3.65 -3.99 Å) ( Figure 4 and Table S5 ). The resulting layers are interconnected by weak C-H···S hydrogen bonding interactions ( Figure S11 and Table S6 ). As mentioned above the neutral gold and nickel complexes are isostructural, but, in contrast
2b, as attested by the C=C bond distances, i.e. 1.389(6) Å for C5-C6 and 1.380(6) for C7-C8
(see Figures S12-S13 and Table S7 As shown in Figure 6a , which is a perspective view approximately along a where the short intermolecular S … S contacts have been emphasized, the crystal structure of 1b is built from a series of step-chains along the c-direction. These step-chains do not make short S … S contacts along the interchain direction b, but are connected through lateral S … S contacts along the adirection. Consequently, as far as the S … S contacts are concerned, the crystal structure of 1b can be considered as containing layers of parallel step-chains, i.e. step-layers shown in Figure   6b , kept together through interlayer hydrogen bonds. These step-layers contain three different intermolecular interactions: those along a step-chain (II) and those coupling these chains either through side-by-side (I) or on-top (III) type contacts. The calculated extended Hückel band structure for the present compound is shown in Figure 7 . Note the nil dispersion along b*, that is consistent with the description highlighted in Figure 6a as far as the SOMO … SOMO interactions are concerned. The SOMO and SOMO-1 bands are well separated and both are quite narrow. Consequently, a two-band behavior can be discarded and the electrons in the present compound are predicted to be localized and as a consequence the system will exhibit an activated conductivity in agreement with our measurements. This conclusion is also supported by first principles DFT calculations for the solid that show also that the hypothetical metallic state is unstable with respect to electron localization leading to either ferromagnetic or antiferromagnetic states (see SI). The different S … S contacts shorter than 4.0 Å for the three donor···donor interactions and the associated |β HOMO-HOMO | interaction energies, 40 which are a measure of the strength of the HOMO … HOMO interactions (i.e. those determining the band structure near the Fermi level and, consequently, the transport properties of the salt) are reported in Table 3 . Despite the presence of several short S … S contacts associated with interactions I and II, all the interactions are unexpectedly weak, thus leading to the slightly dispersive band structure of Figure 7 and the reason why the unpaired electron on each molecule should remain localized.
Why are, however, these interactions so weak? Let us remind that other Au dithiolene neutral systems exhibiting not very different S … S intermolecular contacts and studied with exactly the same computational settings have been found to exhibit band dispersions associated with higher conductivities which are between two and three times larger 14 than in the present case. The SOMO-SOMO interaction I is of lateral π-type and the corresponding S … S contacts are not short enough to lead to a sizeable interaction energy, while, in contrast, interactions II and III are of σ-type. However, interaction III is associated with a quite long S … S contact and thus it can only lead to a weak stabilization energy. More surprisingly, interaction II along the step-chains is also quite small, while the corresponding S … S contacts are short enough to lead to an a priori strong interaction thanks to the very good σ-type overlap. As a matter of fact, these step-chain σ interactions are among the strongest interactions in BEDT-TTF related salts and quite often dominate the shape of their band structure. 41 To understand this surprising feature one must carefully examine the shape of the SOMO. Although this orbital in practically all neutral gold dithiolene complexes that we are aware of is equally (or almost equally) shared by the two thiolene moieties, 4, 14, 38 in the present system it is concentrated in one of the two non-equivalent dithiolene moieties. As a matter of fact, the electron in the SOMO of 1b is 89 % localized in the dithiolene moiety bearing the longer C=C bond (1.398
vs. 1.298 Å) and the shorter C-S bonds (average values: 1.762 vs. 1.794 Å). Since interaction II is associated with contacts between one dithiolene ligand with large contribution to the SOMO and one dithiolene ligand with small contribution to the SOMO, the resulting orbital interaction is weak, despite the short S … S contacts and the good orbital orientation. Exactly the same reasoning applies to the SOMO-1 band since this orbital is localized just in the opposite way with respect to the SOMO. Thus, the localization of the SOMO in one of the two sides of the molecule is at the origin of the low conductivity of the system. Consequently, both structural and electronic effects are behind the weak interactions and low conductivity of the chiral neutral gold dithiolene complexes [Au(dm-dddt) 2 ] 1a-b.
Clearly, the possibility of an asymmetric distribution of the electron density in the SOMO may have a strong influence on the shape of the band structure and thus on the conducting properties of these systems. For this reason, a particularly important and interesting question is whether the intermolecular electronic localization (leading to the activated conductivity) is triggered by an intrinsic intramolecular localization in the individual mixed-valence neutral dithiolene complex or if it is due to some asymmetry in the packing forces in the crystal.
When neither of these two factors is at work, the metal bis(dithiolene) system will exhibit equivalent (or nearly equivalent) ligands and they will most likely crystallize in Besides optimizing the ground state structure and analyzing the localized vs. delocalized character of the unpaired electron, we have also calculated the energy for points along two distortion coordinates shown in Figure 9 in which we fix the C-C distances of the two C=C double bonds, in one case in a symmetric way, that is, both C=C bond lengths are made longer/shorter at the same time, while in the other case the two C=C bond lengths are changed in an asymmetric way, that is, when one is made shorter by a given amount, the other is made longer by exactly the same amount. All the other molecular coordinates are being optimized for each fixed pair of C=C distances without imposing any additional restriction. To do this, we first calculate the energy for the symmetric mode to find the most stable symmetric structure for each compound and then we take this minimum energy symmetric structure as the origin for the asymmetric mode. For asymmetric compounds the energy difference between the minimum energy asymmetric structure and the reference minimum energy symmetric structure represents the energy barrier for intermolecular electron transfer. The main results of this study are the following: (i) a symmetric structure was found to be the Before looking for a simple way to evaluate the relative strength of these two parameters it will be helpful to briefly consider the problem from a molecular orbital perspective. As shown in Figure 11 , the SOMO of [M(DT) 2 ] will be essentially built from a combination of two ligand π-type (C=C bonding/C-S antibonding) orbitals, each one centered on a single dithiolene unit. If the coupling between these orbitals is strong, as for Class III compounds, we have a symmetric structure in which the two fragment orbitals are equal and their in-and out-of-phase combinations will be completely delocalized over the molecule, as shown in the left side of Figure 11 . In contrast, a weak coupling between these fragment orbitals will lead to an asymmetric Class II compound, where the lower-lying in-phase combination will be mostly localized on the fragment with shorter C=C/longer C-S distances and the out-of-phase combination will be mostly localized on the fragment with longer C=C/shorter C-S distances, as shown in the right part of Figure 11 . The coupling of the right and left fragment orbitals is mediated by the d xz orbital of the metal atom (we use a local system of axis such that the inner core of the molecule lies in the xy plane with x being the longer axis of the molecule) which is the orbital that can interact with the π-type orbital of the dithiolene fragment.
Coming back to the attempt to estimate the tendency toward an intramolecular localization, the two parameters we need to evaluate are the reorganization energy λ of each dithiolene ligand upon electron transfer and the electronic coupling 2H ab between them. In our case, the reorganization energy, mostly related to the stretching of the C=C bond, will depend on the structure of the dithiolene ligand, but at a first sight we should not expect large differences for most of the compounds shown in Figure 8 , except probably for those provided with extended
delocalization. An accurate calculation of λ for each case is difficult, since one has to decide the charge assigned to an isolated dithiolene fragment, which is not an obvious task and even if this question can be solved, it is not clear why the reorganization energy calculated for an isolated dithiolene should be a good representation of the reorganization of the same dithiolene unit within the DT-M-DT compound. In fact there is no need for an accurate absolute value of λ since we are more interested in obtaining just some qualitative guidelines to compare the situation in different compounds, so that a practical solution is to use the changes in energy for the symmetric distortion ( Figure 9 ) where the value of the C=C bond distance of the two C=C bonds simultaneously changes to get an idea on the energy involved in this C=C stretching. As can be seen in Figure 12 for [Au(dm-dddt) 2 ] (1) and [Ni(dm-dddt) 2 ] -(2 -), the energy vs. curve for the symmetric mode for all studied compounds can be found in the last column of The value of the second parameter, the electronic coupling 2H ab between the two interacting π ligand orbitals, has been approximated by evaluating the orbital energy difference for closed shell systems with either two or four electrons occupying the pair of molecular orbitals of Figure 11 , considering the minimum energy symmetric structure for each compound (in that way we avoid the ambiguity in choosing between the energies of the α and β spin-orbitals to evaluate the splittings since the actual molecules bear a single unpaired electron and an unrestricted approach is needed for the calculations). Since similar conclusions can be reached using either of the two series of energy differences, only the values obtained with two electrons in the lower orbital and none in the upper one are reported in Table 4 . These values are found to be in the range 1-2 eV. The magnitude of this splitting depends mainly on two parameters, the energy match and the overlap between the d xz orbital of the metal and the π-type ligand orbital. The values in Table 4 indicate that for a given ligand, the splitting for the Table 5 for the five [Au(DT) 2 ] compounds with an asymmetric structure. Taking into account the approximate nature of our evaluation, it is clear that, as expected, the height of the barrier separating the two equivalent asymmetric structures (∆E) decreases as the electronic coupling increases. C. Role of the intermolecular interactions in the solid. At this point one could raise the following objection: why does compound C (Au) which, with a seven-membered ring in the ligand, 14 is not that different from compounds 1 (Au) or A (Au), exhibit a symmetric structure in the solid in contrast with the asymmetric ones found for 1 (Au) or A (Au)? In addition, although the crystal structure of the good conductor D (Au) is not known, 12 several strongly related systems recently studied by Lorcy and coworkers are also symmetric. 15 Is there something wrong in the previous analysis? It could be argued that, according to Table 5, these two systems C and D are also those having a smaller bias for the asymmetric structure.
However we strongly believe that there are more stringent reasons directing the reversal of the preference. So far we have purposely restricted our attention to isolated molecules but, as we will see below, intermolecular interactions in the solid can provide a strong driving force towards a symmetric structure. Note that in the following discussion we use the labeling "symmetric" or "asymmetric" to designate Class III and Class II molecules, respectively. Of course, a "symmetric" Class III molecule in the solid may be slightly asymmetric because of some asymmetric distribution of molecules around but this kind of asymmetry only slightly alters the essentially symmetric nature of the SOMO of a Class III molecule.
Let us consider C (Au) for which, because of the segregation effect of the fluorine atoms, the crystal structure contains chains of this molecule. If we assume that the individual molecules are asymmetric, as our calculations suggest, since the unpaired electron is located in one of the two ligands, we can consider the molecule as a dipole. If we now try to make a chain with these dipoles, we will end up with situations like those in Figure 13a , exhibiting a head-to-tail type overlap between successive units, simply because of electrostatic reasons. In that case, the SOMO electrons cannot see each other and consequently, there is no stabilization through band formation. In contrast, if the molecule is symmetric (Figure 13b ), there is a considerable SOMO … SOMO interaction in both arrangements leading to a sizeable stabilization because of band formation. Consequently, if the shape of [M(DT) 2 ] drives the molecules toward a crystal structure containing chains with good intermolecular overlaps, the system will tend to be symmetric even if, as in the case of C (Au), the isolated molecules may have a preference
for an asymmetric structure. If the molecule is asymmetric and its shape is such that it does not favor the formation of [M(DT) 2 ] chains with good intermolecular overlaps which will become the building units of the solid, then the system will try to find the best way to arrange the dipole-like units compatible with the molecular shape. The simplest case is a packing of dimeric units as in
[Au(dddt) 2 ] A. 30 Depending on the shape and substituents the system will search for two-or three-dimensional structures as it is the case for [Au(dm-dddt) 2 ] 1.
In view of these considerations we can distinguish three groups of [Au(DT) 2 ] single molecule solids (in the following we use the term "chain" to refer to "chains with good intermolecular overlaps"):
(A) Systems without ligand extended delocalization exhibiting chains in the crystal structure.
These molecules will adopt a symmetric structure and undergo sizeable SOMO … SOMO interactions and consequently they will lead to good conductors. For each case it will depend on the relative value of the band dispersion and on-site repulsion if the system exhibits a metallic or some kind of antiferromagnetic ground state. But even in the last case, the transition to a metallic state will be often possible by applying pressure. This is for instance the case of the series of compounds recently developed by Lorcy and coworkers. are too bulky, the SOMO … SOMO interactions will be weak and the solid will be a magnetic insulator.
(C) Systems without ligand extended delocalization for which chain formation in the crystal structure is not favored. These systems will be asymmetric, they will undergo weak SOMO … SOMO interactions and consequently they will be insulators, as in the case of
30
Of course, the previous classification should simply be taken as a convenient general organizing principle. The detailed electronic structure and hence the transport properties for each particular case can only be fully understood after a careful analysis of the details of the crystal structure. For instance, a system with chains like those at the right of Figure 13b (i.e., a type A situation) may be either a metal/antiferromagnetic system as discussed above or a diamagnetic semiconductor, depending if the chain is uniform or if it shows some kind of dimerization. Important aspects as the possible two-band behavior through the overlap between the SOMO and SOMO-1 bands have already been shown to play a role in some of these systems 15a and thus should also be taken into account. Clearly, a rich materials science of these systems is probably still uncovered. 
CONCLUSIONS

Syntheses. [(n-Bu) 4 N][Au((S,S)-dm-dddt) 2 ] (TBA)(1a).
In a Schlenk tube, 0.16 mmol (37. Single crystal conductivity measurements. Electrical resistivity was measured on needleshaped single crystals of (TBA)(2a), (TBA)(2b), 1a and 1b. Gold contacts were first evaporated on the crystals and gold wires were glued with silver paste on those contacts. Due to high values of resistance under ambient conditions, the resistivity for (TBA)(2a) and (TBA)(2b) was measured in two points, applying a constant voltage of 5V and measuring the current using a Keithley 6487 Picoammeter / Voltage Source. Resistivity measurements on 1a
and 1b single crystals were also performed in two points because of the size and the brittleness of the needles. Ambient pressure experiments were performed with dc currents in the range 0.1-1 µA, while a low frequency (< 100 Hz) lock-in amplifier technique applying an alternative current in the range 0.1-1 µA was used for high pressure experiments.
For 1a crystals, resistivity measurements were also performed under high hydrostatic pressure in a CuBe clamped cell up to 12 kbar with silicon oil (Daphne 7373) as the pressure transmitting medium. The pressure at room temperature was extracted from the resistance of a manganin gauge in the pressure cell and it is this value that is indicated in the figures.
However, the loss of pressure during cooling is estimated to 2 kbar. A copper-constantan thermocouple inside the pressure cell was used as the thermometer. Resistivity measurements were performed in the range 15 -300 K using a cryocooler equipment.
Computational details. The tight-binding band structure calculations were of the extended Hückel type. 47 A modified Wolfsberg-Helmholtz formula was used to calculate the nondiagonal H µν values. 48 All valence electrons were taken into account in the calculations and the basis set consisted of Slater-type orbitals of double-ζ quality for Au 5d and of single-ζ quality for Au 6s and 6p, C 2s and 2p, S 3s and 3p and H 1s. The ionization potentials, contraction coefficients and exponents were taken from previous work.
The DFT calculations for isolated molecular systems were carried out according to the prescription of Kaupp et al. 49 for the study of organic mixed-valence compounds. We refer the reader to this work for an excellent and very detailed discussion of the warnings and requirements for the application of DFT methods to mixed valence molecules. Since we are interested in obtaining a qualitative description of the intrinsic preference for a localized vs.
delocalized nature of the ground state of metal dithiolenes, we have disregarded environmental effects. All calculations have been done with the Gaussian 09 program 50 using the hybrid blyp35 functional proposed by Kaupp et al. 49 together with the double-ξ quality LANL2DZ basis set and the Los Alamos effective core potentials. 51 First-principles periodic calculations for the solid were performed using a numerical atomic orbitals DFT 52 approach developed for efficient calculations in large systems and implemented in the SIESTA code. 53, 54, 55 The generalized gradient approximation to DFT and, in particular, the functional of Perdew, Burke, and Ernzerhof (PBE) 56 has been used in these calculations. In order to study the relative energies of states with localized electrons band calculations for a proper supercell containing two molecules have been undertaken, including a Hubbard correction term U eff = U-J = 4.0 eV for the S (3p) and Au (5d) states. 57 We have found that this U term on S is needed for accurately describing the electronic structure of TTF-TCNQ and related molecular solids were accurate experimental information on the bandwidth and charge transfer is available. The contribution of core electrons in these calculations has been described by norm-conserving Troullier-Martins pseudo-potentials, 58 factorized in the Kleinman-Bylander form. 59 Valence electrons were treated explicitly using a split-valence basis set of double-ξ plus polarization functions for S, C, and H atoms obtained with an energy shift of 10 meV. 60 For gold atoms we have used a split-valence basis set of double-ξ plus polarization quality, where the 5d electrons of Au were treated also as valence electrons. The basis functions used for Au have been optimized in order to reproduce the geometry and the bulk modulus for the ccp crystal structure of metallic gold. 61 The energy cutoff for the real space integration mesh was set to 350 Ry and the Brillouin zone was sampled using a mesh with 8x8x8 k-points obtained using the method of Monkhorst and Pack. 62 These calculations were performed using the experimental crystal structure. 
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